However, the OmpA, LamB, and protein 2 proteins could not be found in the Bdellovibrio Triton-insoluble outer membrane. The disappearance of the OmpF and OmpC proteins from the bdelloplast surface was measured, and it was determined that Bdellovibrio sp. exhibited a kinetic and temporal preference for the OmpF protein. Bdellovibrios could be grown on porin-deficient prey, and the progeny bdellovibrios possessed outer membranes with a protein mass deficiency.
The bdellovibrios are a remarkable group of predatory gram-negative bacteria which are capable of breeching the outer membrane and peptidoglycan of their gram-negative bacterial prey. They establish residence in the periplasmic space and acquire from the prey yirtually all the required nourishment for growth and division (25, 26) . Bdellovibrios grow with a high metabolic efficiency explainable in part by their ability to incorporate preformed cellular constituents from their prey (25, 26) . For example, the fatty acid composition of Bdellovibrio phospholipids and lipopolysaccharide reflects the fatty acid composition of the prey (16, 19) .
We (9) and others (14) have reported that Bdellovibrio sp. appears to mobilize outer membrane proteins from Escherichia coli prey and transfer them to the Bdellovibrio outer membrane. Guerrini et al. (14) concluded from specific radioactivity measurements that the protein found in the Bdellovibrio outer membrane could not have been synthesized by the bdellovibrios, and we (9) demonstrated with density gradient-purified bdellovibrios that the presence of the apparently prey-derived OmpF protein conferred sensitivity to colicin A. The colicin A receptor complex is known to require the OmpF protein (5, 6) , and we showed that bdellovibrios without the OmpF protein were resistant to colicin A as a result of their failure to bind colicin (9) .
We present in this study additional experimental evidence for the ability of Bdellovibrio sp. to acquire major outer membrane proteins from its prey. The flexibility and limitations of this process are examined, and experiments are shown which directly measure the loss of the OmpF and OmpC porins from the outer membranes of Bdellovibrioinfected prey.
MATERIALS AND METHODS
Strains, media, and growth conditions. Bdellovibrio bacteriovorus 109D was used throughout this study (9, 24) . E. coli K-12 strains were: CS138 (W1485 F-gyrA) (8, 9, 12) , previously published as PB105 (2); DD1002 (CS138 OmpF); DDlQ2 (DD1002 OmpC); and CS328 (22) . DD1002 and DD 132 were spontaneous mutants selected with the OmpFand OmpC-specific bacteriophages Sj108 and S4, respectively (see below). Strain CS328 expresses only protein 2 and the OmpA protein (22) .
High-viability Bdellovibrio stock cultures were maintained as bdelloplasts (30) frozen in 7 to 10% dimethyl sulfoxide at -70°C. Routine propagation of Bdellovibrio sp. employed stationary-phase prey cultures of E. coli CS138 in YP medium (31) . Mutant prey would not grow in YP medium so it was grown in either Trypticase soy broth (TSB) (BBL Microbiology Systems, Cockeysville, Md.) or nutrient broth (Difco Laboratories, Detroit, Mich.). Mutant prey was grown to stationary phase, washed, and suspended in 5 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer at pH 7.4 before infection with Bdellovibrio sp. All experiments were performed with Bdellovibrio sp. and prey suspensions in HEPES buffer. A Klett-Summerson colorimeter was used for adjusting prey density, and bdellovibrios were quantitated with the aid of a Petroff-Hausser counting chamber. Bdellovibrios grown on mutant prey were cycled a minimum of four transfers on the mutant prey before experimental use.
NaN3 was added to a final concentration of 5.0 mM to Bdellovibrio batch cultures grown for the preparation of Triton-insoluble outer membranes. This was done at the time of bdelloplast lysis to minimize peptidoglycan turnover (32) and to prevent errors in the amino acid analyses (see below).
Membrane preparation. Batch cultures with NaN3 were harvested and washed as previously described except that 5 to 15% Ficoll gradients were used to purify the bdellovibrios (16) in place of sucrose gradients (9) . The density gradientpurified bdellovibrios were broken in a French pressure cell, and the Triton-insoluble outer membranes were prepared as previously described (8, 9) . The Triton-insoluble outer membranes of control prey cultures were prepared by the previously published method (10) .
Analytical procedures. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in tris-glycine slab gels containing 8.0 M urea by the procedure of Pugsley and Schnaitman (23) , with the exception that we used 12% gels with an acrylamide/bisacrylamide ratio of 52.2. Slab gels were stained with Coomassie blue by the procedure of Fairbanks et al. (11) , and densitometry was performed with a Hoefer model 1650 scanning densitometer (Bio-Rad Laboratories, Richmond, Calif.). Quantitation from densitometer scans was accomplished by excising peaks and weighing them with an analytical balance.
Triton-insoluble outer membrane samples were hydrolyzed and subjected to amino acid analysis to determine the glycine/diaminopimelate ratios by procedures previously described (8, 12) .
Acquisition kinetics. Experiments to measure the loss of porin from the cell surface of bdelloplasts were performed by establishing conditions under which the attachment rates of porin-specific bacteriophages were proportional to the amount of porin in the outer membrane of the prey. Bacteriophage S4 specific for the OmpC porin and bacteriophage S4108 specific for the OmpF porin were used (J. A. Fralick and D. L. Diedrich, manuscript in preparation).
E. coli CS138 was employed for the prey. This strain was grown in TSB for one experiment to suppress the level of the OmpF porin (2) . Experiments 2 and 3 employed prey grown in minimal medium A with glucose as a carbon source (7) to permit approximately equal expression of the OmpF and OmpC porins (2) .
Prey was harvested from its medium and suspended with a lysate of Bdellovibrio sp. which had been cultivated several cycles on porin-deficient E. coli DD1032 in HEPES buffer. Sufficient Bdellovibrio lysate was used to yield an input multiplicity of five bdellovibrios per prey, and this was determined from counts with a Petroff-Hausser counting chamber. The infected prey were incubated for 15 tubes containing 0.4 ml of L broth (2) and 0.1 ml of either bacteriophage SX or S4108 at a titer of 1 x 106 to 2 x 106 PFU/ml. Samples were removed from the bacteriophage assay tubes at 2, 5, and 10 min, and these were rapidly diluted in L broth over chloroform for plating by the overlay method with E. coli CS138 as the bacteriophage indicator. The L agar overlay plates were incubated at 370C. Both the medium and the temperature arrest the development of any surviving bdellovibrios. The bacteriophage attachment kinetics were plotted for each bacteriophage at each sample time. The attachment rate constant was calculated for each curve either from the data directly or occasionally, when necessary, from linear regression analysis of the data. The attachment rate constants were calculated according to the discussion by Adams (1), and they were plotted as a percentage of the zero time attachment rate constant.
These plots quantitate the loss of porin receptor from the surface of the bdelloplast during the intraperiplasmic phase of the Bdellovibrio life cycle. The experiments were terminated before the lysis of the bdelloplasts since the released bdellovibrios reexpose the acquired proteins, and these become available for bacteriophage inactivation (data not shown). RESULTS Influence of mutant prey on prey-derived protein. Our initial studies showed that the OmpF porin from either E. coli or Salmonella typhimurium could be found in the Tritoninsoluble outer membrane preparations of density gradientpurified bdellovibrios which had been grown on these prey. We expanded this study to (29), and its expression is regulated by temperature and catabolite repression (10, 12, 29) . This protein is a peptidoglycanassociated porin, and it is similar in its chemical and physical properties to the OmpF and OmpC porins (9, 10, 21, 27) . It probably has greatest homology with the OmpF porin since we have been able to construct host-range mutants of an OmpF-specific bacteriophage which recognize both the OmpF porin and protein 2 or only protein 2 (Fralick and Diedrich, manuscript in preparation). This has not been possible with the OmpC-specific bacteriophage (unpublished observation).
Figure lb shows the SDS-PAGE profiles of the Tritoninsoluble outer membrane proteins of E. coli CS328 (Fig. lb, lane 2) and the bdellovibrios produced by growth on CS328 prey (Fig. lb, lane 3) . The Bdellov'ibrio outer membrane does not contain a major protein with the same electrophoretic mobility as protein 2. An apparent major mass of protein appears at a lower molecular weight in the Bdellovibrio sample, and the origin of this band is unknown. Figure lb , lane 3, additionally shows that the bdellovibrios are not capable of acquiring the OmpA protein, and we have observed in other experiments that bdellovibrios are incapable of acquiring the LamB protein (data not shown). Although peptidoglycan associated, the LamB protein is a specific porin for maltose and maltose oligosaccharides (4, 13, 17, 20, 33) . The OmpA protein is not a porin and it is not peptidoglycan associated (10, 15) .
The inability of Bdellovibrio sp. to acquire protein 2 establishes a limit to the apparent flexibility of the preyderived protein acquisition process. This observation provides further evidence that the presence of prey-derived outer membrane proteins in the Triton-insoluble Bdellovibrio outer membrane is not likely to be a preparative artifact. The failure of Bdellovibrio to acquire protein 2 additionally shows that the acquisition of prey-derived proteins is not an essential process in the intraperiplasmic phase of the Bdellovibrio life cycle. However, it remained possible that porindeficient E. coli may not be suitable prey. Figure lc shows the SDS-PAGE profiles of the Tritoninsoluble outer membrane proteins from porin-deficient E. coli DD1032 (Fig. lc, lane 1) and the bdellovibrios resulting from predation of this strain (Fig. ic, lane 2) . Bdellovibrio sp. propagates on porin-deficient prey and exhibits no major protein mass in the portion of the gel where any of the major outer membrane proteins of E. coli would be found (Fig. lc,  lane 3) . However, we have observed a partial penetration defect of porin-deficient bdellovibrios grown on porin-deficient prey. This will be the subject of another communication (manuscript in preparation). (8, 12) . The peptidoglycan of gram-negative bacteria probably exists as a monomolecular layer, so the quantitation of diaminopimelate becomes a measurement of the cell surface area. Diaminopimelate has been shown to be a component of Bdelloi'ibrio peptidoglycan (32) . Glycine, which is absent from peptidoglycan, is an abundant amino acid in proteins. Triton-insoluble outer membranes represent quantitative recovery of the protein-peptidoglycan complex with a depletion of the outer membrane phospholipids and lipopolysaccharides. Thus, the glycine/diaminopimelate ratio of Triton-insoluble membranes becomes an index of the absolute protein density (protein per unit area) of the cell surface.
We determined the value of the glycine/diaminopimelate ratio for the Triton-insoluble outer membranes of bdellovibrios grown on OmpF-containing prey (strain CS138) and compared it with values obtained frqoM bdellovibrios grown on porin-deficient E. coli DD1032 4fld on E. coli CS328, which expresses a porin (protein 2) unsuitable for acquisition by Bdellovibrio sp. The glycine/diaminopimelate ratio of strain DD1032-derived bdellovibrios was 35.5% (standard deviation, +0.3%) lower than that of the OmpF-containing bdellovibrios. Bdellovibrios derived from E. (oli CS328 yielded a glycine/diaminopimelate ratio which was 41.4% (standard deviation, +0.2%) lower than the value obtained for the OmpF-containing bdellovibrios.
These data show that bdellovibrios grown on porin-deficient prey possess outer membranes which are protein deficient. The relative contribution of the prey-derived OmpF protein to the protein mass of the outer membrane accurately reflects its absolute mass contribution to the outer membrane. It is likely that Bdellovibrio sp. strain 109D does not compensate for this deficiency. Initially, we suspected that the low-molecular-weight protein masses observed in Fig. lb, lane 3, Fig. 1 had been cycled for several transfers on the specific mutant prey examined in the experiment. This was done on the assumption that prey-derived protein from previous prey was conserved and required dilution by growth to reach undetectable levels (14). Alternatively, it was possible that the prey-derived protein was lost during the penetration phase of a new round of the life cycle. We tested this possibility by infecting porin-deficient prey with bdellovibrios which contained the OmpF protein (from E. coli CS138 grown in YP medium) under conditions under which there only were sufficient prey for a single cycle of growth. The Triton-insoluble outer membranes were pre-VOL. 159, 1984 on November 6, 2017 by guest http://jb.asm.org/
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This preference exhibited by Bdellovibrio sp. for the OmpF protein was examined again by a substantially different approach. Bacteriophages specific for the OmpF and OmpC proteins were used to titrate the loss of these proteins from the surface of Bdellovibrio-infected E. coli (bdelloplasts). Samples of the synchronously infected prey were assayed periodically throughout the infection cycle for their ability to bind and inactivate the protein-specific bacteriophages. The experiment was performed under conditions in which the attachment rate constants (K) of the bacteriophages were proportional to the amount of receptor present on the bdelloplast surface, and K was calculated from attachment kinetic plots consisting of three or four early data points before their deviation from first-order kinetics. A lessrefined precedent for this approach has been published (29) . Figure 3 shows the change in the attachment rate constants of SX108 (specific for the OmpF protein) and S4 (9) . Although bdellovibrios are capable of acquiring the OmpC porin (Fig. la, lane 2) , the preference for the OmpF porin is illustrated further in Fig. 2 . Figure 2a shows a densitometer tracing of an SDS gel containing the major outer membrane proteins of E. coli CS138 grown in TSB medium. The level of the OmpF protein is suppressed (2), and results in an OnipC/OmpF mass ratio of 18.4. Bdellovibrios derived from growth on the culture shown in Fig. 2a possessed a Triton-insoluble outer membrane with the protein composition shown in Fig. 2b . The OmpC/OmpF ratio in the bdellovibrios is 2.3. This is an eightfold relative increase of the OmpF protein. . 3 . Changes in bdelloplast surface concentrations of the OmpF and OmpC proteins measured by the attachment rate constants (K) of the OmpF-specific bacteriophage SA108 and the OmpC-specific bacteriophage S+. The E. coli CS138 prey had been grown in TSB medium to have an outer membrane protein composition identical to that shown in Fig. 2a . The bdellovibrios used to infect the E. coli cells had been cycled several times on porindeficient E. coli DD1032 to eliminate any residual prey-derived protein in their outer membranes which would interfere with the bacteriophage binding assay. Each time point represents a K value plotted as a percentage of the zero-time K value. Each K value was determined from a 10-min attachment kinetics plot containing four data points. Symbols: x, change in the attachment rate constant K for the OmpF-specific bacteriophage S(j108; 0, change in the attachment rate constant of the OmpC-specific bacteriophage S4. Bdelloplast lysis began ca. 30 min after the last sample (2.5 h). Samples beyond 2.5 h were not examined since the lysis of the bdelloplasts reexposes functional bacteriophage receptor. Zero time on the experiment illustrated in Fig. 3 was ca. 20 min postinfection by the bdellovibrios since time was consumed in the Bdellov'ibrio pulse, differential centrifugation, and bdelloplast density adjustment steps of the experimental protocol.
The preference of the OmpF protein illustrated kinetically in Fig. 3 was examined further by performing a similar experiment in which the OmpF and OmpC porins were present at approximately equal amounts in the prey. We predicted that sufficient OmpF protein should be present to satisfy the bdellovibrios and that the OmpC protein concentration on the bdelloplast surface should remain constant. This predicted result would account for our published observation that bdellovibrios grown on prey with equal OmpF and OmpC porins contained only the OmpF protein (9) . The results of this experiment are shown in Fig. 4 .
The rapid decline in the OmpF-specific bacteriophage binding capacity of the bdelloplast was similar to that shown in Fig. 3 . However, there also was a significant decline in the OmpC-specific bacteriophage binding capacity of the bdelloplasts. This observation initially appeared to be in contrast to our prediction and previous data. However, this experiment and the one illustrated in Fig. 3 employed bdellovibrios which were porin deficient to prevent the input bdellovibrios Fig. 3 by the attachment rate constants of protein-specific bacteriophages. The E. coli CS138 prey had been grown in a minimal medium with glucose for a carbon source so that it would possess an outer membrane with equal levels of the OmpF and OmpC porins (2) . Bdellovibrios were porin deficient similar to those employed in the experiment shown in Fig. 3 . Symbols: x, change in the attachment rate constant K for the OmpF-specific bacteriophage SW108; 0, change in the attachment rate constant K for the OmpCspecific bacteriophage S¢; 0, change in the attachment rate constant K for the OmpC-specific bacteriophage S4 when the input bdellovibrios were not protein deficient because of their prior growth on E. coli CS138. from binding and inactivating bacteriophage. Our previous experiments (9) employed bdellovibrios which already contained OmpF protein before attacking their prey. It seemed likely that prey with equal levels of the OmpF and OmpC porins would provide sufficient OmpF porin if the input bdellovibrios already contained their conserved OmpF protein from previous prey. However, the protein requirements of protein-deficient bdellovibrios may exceed the amount of the OmpF protein present in this prey.
This hypothesis was tested by repeating the experiment shown in Fig. 4 with the exception that the bdellovibrios were propagated on prey containing the OmpF protein. Only the OmpC protein was followed since the input bdellovibrios contained the OmpF protein and would interfere with the assay. The results of this experiment are plotted in the topmost curve in Fig. 4 (filled circles) and show that the bdelloplast surface concentration of the OmpC protein appeared not to be altered when the input bdellovibrios were not protein deficient. DISCUSSION We have presented several independent lines of evidence that the acquisition of the OmpF outer membrane protein of E. coli by Bdellovibrio sp. is an active and specific process. The inability to acquire protein 2 minimizes the possibility that the prey-derived protein is a preparative artifact. Additionally, it has provided us with the experimental approach to continue these studies by attempting to define domains in the primary sequence necessary for the translocation of an integral membrane protein. This movement of a bacterial outer membrane protein to another membrane as a postsecretory phenomenon to our knowledge has only one precedent. This is the transfer of protein I from Neisseriia gonnorrhoeae to erythrocyte or artificial lipid membranes, and it is inserted into the second membrane in an inverted orientation (3, 18) . Our system differs in that the membrane protein probably is interiorized and probably exists in the correct orientation in the Bdellov'ibrio outer membrane. Otherwise, bacteriophage and colicin binding would be expected to be altered.
Our experiments in which we employed bacteriophage attachment rates to measure simultaneously the surface concentration of two proteins revealed that the loss of the protein from the bdelloplast surface started early and continued throughout most of the intraperiplasmic growth of the bdellovibrios. Although it is likely that we were measuring the interiorization of the proteins, we do not know if the acquisition of the proteins by the intraperiplasmic bdellovibrios followed the same kinetics. It is possible that the interiorized proteins reside at an intermediate location and are acquired at a time closer to bdelloplast lysis. An experimental approach exists which permits the premature release of intraperiplasmic bdellovibrios (28) , and the application of this technique should be useful in measuring actual acquisition kinetics.
Additionally, we do not know if there is a quantitative acquisition of the translocated protein by the bdellovibrios. Approximations could be deduced from the kinetic data, but we consider these data to be semiquantitative. Intrinsic differences between the bacteriophages are a consideration in the interpretation of the kinetic data. Bacteriophage Sk attaches to E. coli containing equal levels of OmpF and OmpC proteins at 54% the velocity of bacteriophage S¢108. However, there is over a 14-fold range in K for S4 when tested against E. coli which possessed high and low levels of the OmpC protein. This range in K for bacteriophage SW108 (29) , and this bacteriophage would be expected to be prevalent in sewage. However, the expression of protein 2 is temperature regulated (12) ; and the protein is undetectable in the outer membranes of lysogens grown at 25°C. This temperature regulation may also account for several research groups failing to isolate from natural sources a bacteriophage which recognized protein 2 as its receptor. The absence of protein 2 from the Bdellovibrio habitat would prevent the acquisition mechanism from evolving the flexibility to manage more diverse proteins.
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